The accuracy of an algorithm for the automated tracking of tendon excursion from ultrasound images was tested in three experiments. Because the automated method could not be tested against direct measurements of tendon excursion in vivo, an indirect validation procedure was employed. In one experiment, a wire "phantom" was moved a known distance across the ultrasound probe and the automated tracking results were compared with the known distance. The excursion of the musculotendinous junction of the gastrocnemius during frontal and sagittal plane movement of the ankle was assessed in a single cadaver specimen both by manual tracking and with a cable extensometer sutured to the gastrocnemius muscle. A third experiment involved estimation of Achilles tendon excursion in vivo with both manual and automated tracking. Root mean squared (RMS) error was calculated between pairs of measurements after each test. Mean RMS errors of less than 1 mm were observed for the phantom experiments. For the in vitro experiment, mean RMS errors of 8-9% of the total tendon excursion were observed. Mean RMS errors of 6-8% of the total tendon excursion were found in vivo. The results indicate that the proposed algorithm accurately tracks Achilles tendon excursion, but further testing is necessary to determine its general applicability.
The moment arm of a muscle about a joint axis is a quantitative indicator of the action of the muscle. One commonly used method for measuring moment arm is the tendon excursion method, in which moment arm is calculated as the first derivative of the displacement of the tendon with respect to the joint angular displacement (An et al., 1983; Storace & Wolf, 1979) . Although muscle moment arm can be estimated by directly measuring it as a distance, the tendon excursion method is easier to implement because it does not require location of the center of rotation or knowledge of the path of the tendon (An et al., 1983) . This method has been used to estimate moment arms from tendon excursions measured by direct attachment to tendons in cadaver specimens (Hintermann et al., 1994; Klein et al., 1996; Piazza et al., 2001 Piazza et al., , 2003 Spoor et al., 1990; Visser et al., 1990) . It has also been applied in vivo through visualization of tendon displacement using magnetic resonance (MR) imaging (Rugg et al., 1990; Spoor & van Leeuwen, 1992; Maganaris et al., 1998 Maganaris et al., , 2000 and ultrasonography (Arampatzis et al., 2005; Fukunaga et al., 1996; Ito et al., 2000; Maganaris, 1999 Maganaris, , 2000 Magnusson et al., 2001) . Application technical notes of the tendon excursion method using ultrasound imaging, however, offers certain advantages over MR imaging. Ultrasound is less expensive than MR and is more readily available in most clinical settings. Tendon excursion is usually measured with ultrasound imaging by choosing a tissue landmark (such as a musculotendinous junction or fascicle insertion) and manually digitizing that landmark on each image frame. Manual tracking, however, may be time consuming and the results may be operator dependent. If excursion is assessed at only a few frames (at the beginning and end of a movement, for example) to save labor, only average moment arms can be calculated and variations of moment arm with joint angle will not be evident. An automated method for tracking tendon excursion from ultrasound images, once properly validated, would provide a time-efficient means for assessing muscle moment arms throughout the range of motion in clinical and research settings.
Several attempts have been made at implementing automated tracking by determination of the optical flow between successive images. Optical flow is defined as the distribution of apparent velocities for individual pixels between two images (Horn & Schunck, 1981) . When the mean pixel velocities between each pair of successive frames are known, it is possible to calculate the displacement of a specific landmark by numerical integration. Different approaches have been used to compute optical flow (Dilley et al., 2001; Loram et al., 2006; Magnusson et al., 2003) , and differences in the validation methods used by the authors of these tracking schemes have made it difficult to evaluate and compare algorithms. One method for validation consists of moving a synthetic material such as a wire (often called a "phantom") through a known distance relative to the ultrasound probe and then comparing the automated tracking measurement to the known value (Loram et al., 2006; Magnusson et al., 2003) . Validation can be accomplished in vivo by comparing manual with automated tracking using the same set of ultrasound images recorded in a living subject, or by moving the ultrasound probe a known distance relative to the tissue being imaged (Dilley et al., 2001) . Testing automatically tracked tendon excursion measurements against direct measurements of excursion made in cadavers, however, is more difficult. The dehydration and muscle cell degradation seen in cadaveric tissue produces ultrasound images that lack contrast necessary for automated tracking algorithms to function properly and consistently.
The purposes of this study were (1) to incorporate the Lucas-Kanade algorithm, a least squaresbased method for calculating optical flow (Lucas & Kanade, 1981) , into a new automated tracking algorithm and (2) to test the accuracy of the tracking algorithm using tests of a phantom as well as cadaver and in vivo experiments. A novel two-step validation approach was implemented to cope with experimental limitations that prevented a direct test of the tendon excursion measured in vivo. Because the automated tracking did not perform well with the cadaver tissue owing to the tissue properties, direct measurements of excursion were compared with manual tracking results in the in vitro experiments. Direct measurement of tendon excursion is not possible in vivo, and so manual tracking was compared with automated tracking in living subjects.
Methods
Automated tracking was based on the least-squares solution for optical flow across multiple levels of resolution and with iterative refinement devised by Lucas and Kanade (Lucas & Kanade, 1981; Horn & Schunck, 1986) . The problem of how to use the estimates of optical flow (horizontal and vertical pixel velocities u and v) to track a tendon landmark from ultrasound images recorded during a movement was addressed using the following procedure, which was developed through trial and error. The experimenter chose a central point with coordinates (x, y) on the desired landmark on image F by positioning the cursor and clicking the mouse. The horizontal and vertical velocities of each of the pixels (u and v, which have units of pixels per frame) in an 11-pixel × 5-pixel region around this central pixel were sorted separately in ascending order (Figure 1 ). The first 10 and last 10 pixels in each ordered list were discarded to eliminate extreme values likely to be erroneous. Means of the velocities of the first five and last five pixels remaining in the lists were calculated and the mean velocity with the greater magnitude was then added to the initial pixel position (x, y) to obtain the new pixel position (x + u, y + v) in the next image. Consideration of the means of both extremes was necessary to detect motion in either direction. In the next frame, a new 11-pixel × 5-pixel region was created around the new pixel position, the pixel velocities sorted, and the above-described steps were repeated. In this way, pixel coordinates for the landmark to be tracked were obtained for the entire motion. Pixel coordinates were converted into actual coordinates using a scaling factor of 6.64 pixels per millimeter.
An ultrasound scanner and electric linear array probe (Aloka SSD-625, 7.5-MHz wave frequency, 38-mm scanning width; Tokyo, Japan) were used in this study. When imaging the gastrocnemius, the probe was placed longitudinally on the posterior of the distal third of the leg above the insertion of the lateral gastrocnemius fibers into the Achilles tendon. The probe was fitted into a custom-made foam pad that reduced slipping of the probe along the skin and a thin layer of ultrasound gel was applied between the skin and the probe. Images were saved digitally at 30 Hz on a personal computer using a frame grabber card (Scion LG-3; Frederick, MD) and image processing software (Scion Image; Frederick, MD).
Ultrasound images were processed prior to tracking by first cropping them to include only the area in which the tracking landmark moved during the trial (Figure 1 ) to reduce computation time for the automated tracking. The MATLAB Imaging Toolbox (Mathworks, Inc.; Natick, MA) function histeq was used to enhance the contrast of the images. Manual tracking was accomplished using digitization tools available within the Scion imaging software. The x-y position of the tendon landmark (the apex of the V formed at the musculotendinous junction of the lateral gastrocnemius; Figure 1 ) was digitized manually by a single experimenter at each frame.
For the wire "phantom" experiments, a nyloncoated stainless steel wire (Beadalon; Westchester, PA), 0.46 mm in diameter, was attached to a cable extensometer (ETI Systems, Model MH22B-5; Fort Worth, TX) accurate to within 0.055 mm. The wire was oriented perpendicular to the cable and was pulled through two aqueous gel pads (Aquaflex Ultrasound Gel Pad, Parker Laboratories Inc.; Fairfield, NJ) while the ultrasound scanner imaged the movement of the wire. The wire was moved through three nominal distances (approximately 5 mm, 10 mm, and 20 mm), with ten 3-s trials performed for each distance.
A single cadaveric left lower-leg specimen (from a female donor, age 73 years) was tested in the in vitro experiment. The specimen was sectioned through the tibia condyles and all tissues distal to this level were kept intact. A steel rod was inserted into the tibial medullary canal and the rod was clamped into an aluminum testing frame with the foot mounted on a metal plate that rotated either in Figure 1 -Schematic diagram of the automated tracking algorithm. The V-shaped musculotendinous junction is identified on a cropped ultrasound image (top). The Lucas-Kanade algorithm is used to compute the velocities of pixels in an 11-× 5-pixel region near the tracking landmark. After sorting and discarding the extreme velocities, the remaining extremes are averaged and the greatest of these means is used to compute the tracking landmark location in the next frame. the sagittal plane or frontal plane about axes passing approximately through the ankle joint center. Direct measurement of tendon excursion was performed using the spring-loaded cable extensometer described above. The extensometer cable was connected to nylon strips that were sutured to the proximal regions of the two heads of the gastrocnemius muscle. For each trial, one experimenter rotated the foot plate manually while a second experimenter held the ultrasound probe against the leg to capture the ultrasound images of the lateral gastrocnemius insertion on the Achilles tendon. The foot was moved from approximately 10° eversion to 15° inversion for each frontal-plane motion trial. In the sagittal plane, the foot was moved from approximately 15° dorsiflexion to 35° plantar flexion. Five trials each were conducted for both frontal and sagittal plane motions.
A similar protocol was followed for the in vivo measurements, in which tendon excursion of the lateral gastrocnemius was imaged in five healthy subjects (three females, two males; mean age 24 years) during five frontal-plane rotation trials and five sagittal-plane rotation trials. Each subject was seated with the thigh held in place using Velcro straps and the tibia vertical. Subjects were instructed to perform light plantar flexion against the foot plate during these trials to take up slack in the tendon. As in the in vitro tests, one experimenter applied the foot motion while a second held the ultrasound probe. Informed consent was obtained from the subjects and all procedures were approved by the Institutional Review Board of Pennsylvania State University.
Tendon tracking estimates were evaluated for phantom, in vitro, and in vivo tests by computing root mean squared (RMS) errors between the tendon excursions measured using different means and normalizing by total tendon excursion. In each test, one method of measurement was regarded as the "gold standard," and each test was designed to assess error assumed to come from different sources (Table 1) .
Results
For the phantom experiment, mean normalized RMS errors of 4.3 ± 1.2%, 4.1 ± 1.6%, and 4.5 ± 1.3% were observed for mean total excursions of 5.1 ± 0.4 mm, 8.9 ± 0.5 mm, and 19.2 ± 1.0 mm, respectively (mean and standard deviation taken across trials for each nominal excursion). The automated algorithm results closely followed the cable extensometer measurements for each nominal excursion, with RMS errors of less than 1 mm (Figure 2 ).
In the in vitro tests, mean normalized RMS errors between manual tracking and cable extensometer of 8.9 ± 2.2% and 7.7 ± 2.3% were found for inversion/eversion and dorsal/plantar flexion, respectively. Mean tendon excursions for these trials were 3.2 ± 0.8 mm and 29.2 ± 0.3 mm. Absolute RMS errors were higher for the sagittal plane movement than for the frontal plane movement (Figure 3 ). Similar differences were found between manual and automated tracking in the in vivo tests. Mean normalized RMS errors of 7.9 ± 2.4% and 5.9% ± 1.8% were found for the inversion/eversion and dorsal/plantar flexion. Mean tendon excursions of 4.7 ± 1.7 mm and 19.5 ± 4.3 mm were measured for each movement. Absolute RMS errors between manual and automated tracking were small, less than 0.5 mm for frontal plane movements and only slightly higher for sagittal plane movements (Figure 4) . 
Discussion
The results of the phantom, in vitro, and in vivo tests performed in this study suggest that the proposed algorithm is a reliable method for automated tracking of tendon excursion in ultrasound images.
Tests in which a wire phantom was pulled a known distance across the ultrasound probe resulted in errors of less than 5% of the total excursion at each of three movement speeds (Figure 2) . Tests of the cadaver specimen indicated that errors associated with manual tracking were 8-9% of total excursion (Figure 3 ). Mean differences of 6-8% were found between manual tracking and automated tracking of tendon excursion in vivo (Figure 4) . A comparison of automated tracking with direct measurement of tendon excursion in vivo was not possible. The indirect validation performed in the present work, however, suggests that the worst-case absolute error in tendon tracking, obtained by adding manual-toextensometer errors and manual-to-automated errors is approximately 15%. It should be emphasized that this is a worst-case error that would only occur when these two differences occur in the same direction.
The tests performed in this study represent the first attempt to combine direct measurement of tendon excursion with manual and automated tracking to test (albeit indirectly) the accuracy of an automated tracking algorithm.
In vivo studies involving estimation of tendon or muscle excursion using ultrasound by manual tracking often report inter-test and inter-and intraobserver variations that are less than 8% (Maganaris et al., 1998; Ito et al., 2000; Maganaris, 2000; Fukunaga et al., 1996) . The standard deviations of the percent errors for our wire "phantom" tests were 1.2-1.6% across trials and, for the in vitro tests, these were 2.2-2.3% across trials. These measures suggest to us that the repeatability of the proposed automated tracking compares favorably with that of manual tracking methods, as reported by previous authors. Loram et al. (2006) simultaneously measured the movements of an oscillating wire both with a laser rangefinder and with ultrasonography. At low movement frequencies (less than 1.6 Hz) and with peak-to-peak movement amplitudes between 0.8 mm and 8 mm, the authors reported a mean error of 2% of the movement amplitude. As the frequency of movement was increased to 3.2 Hz and 4.5 Hz (equivalent to speeds much faster than those in the current study), the error increased to 10% and 19%, respectively. Magnusson et al. (2003) validated their automated tracking algorithm by moving a needle 10 mm across the length of the transducer. In the current study, we conducted the phantom test in a more realistic situation where the needle was attached to a cable extensometer and pulled through two aqueous gel pads while the ultrasound scanner imaged the wire movement. Magnusson et al. reported a tracking error that was less than 2% of the needle's excursion, similar to the errors of 4.1-4.5% found in the phantom tests in the current study. The 6-8% errors and 8-9% errors found in the in vitro and in vivo tests, respectively, in the current study are comparable to the in vivo results of Dilley et al. (2001) , who used a cross-correlation algorithm for automated tracking of nerve tissue. The authors reported errors of less than 10% between direct measurement and automated tracking. In those tests, the transducer moved a known distance (1-3 mm) over the surface of a stationary forearm in 4 s.
The indirect approach to testing the automated tracking algorithm is the most obvious limitation of this work. Future studies might involve tracking of tendon excursion using means such as MRI that would provide another way of testing ultrasoundbased measurements. Further work on image processing prior to application of the tracking algorithm should be conducted to further improve the accuracy of the algorithm. The algorithm might be improved by adding the ability to automatically identify the tracking landmark.
In conclusion, the results of this study indicate that this novel procedure, which uses optical flow calculated in an adaptation of the Lucas-Kanade algorithm, is an accurate means of tracking tendon excursion in ultrasound images. Future studies will include testing the ability of the algorithm to track other muscle and tendon landmarks, so that it might be employed to track tissues other than the Achilles tendon with confidence.
